Many studies have implicated both angiotensin II (ANG II) and aldosterone (Aldo) in the pathogenesis of hypertension, the progression of renal injury, and cardiac remodeling after myocardial infarction. In several cases, ANG II and Aldo have been shown to have synergistic interactions in the periphery. In the present studies, we tested the hypothesis that ANG II and Aldo interact centrally in Aldo-and ANG II-induced hypertension in male rats. In rats with blood pressure (BP) and heart rate (HR) measured by DSI telemetry, intracerebroventricular (icv) infusions of the mineralocorticoid receptor (MR) antagonists spironolactone and RU28318 or the angiotensin type 1 receptor (AT1R) antagonist irbesartan significantly inhibited Aldo-induced hypertension. In ANG II-induced hypertension, icv infusion of RU28318 significantly reduced the increase in BP. Moreover, icv infusions of the reactive oxygen species (ROS) scavenger tempol or the NADPH oxidase inhibitor apocynin attenuated Aldo-induced hypertension. To confirm these effects of pharmacological antagonists, icv injections of either recombinant adeno-associated virus carrying siRNA silencers of AT1aR (AT1aR-siRNA) or MR (MR-siRNA) significantly attenuated the development of Aldo-induced hypertension. The immunohistochemical and Western blot analyses of AT1aR-siRNAor MR-siRNA-injected rats showed a marked reduction in the expression of AT1R or MR in the paraventricular nucleus compared with scrambled siRNA rats. When animals from all studies underwent ganglionic blockade with hexamethonium, there was a smaller reduction in the fall of BP in animals receiving icv AT1R or MR antagonists. These results suggest that ANG II and Aldo interact in the brain in a mutually cooperative manner such that the functional integrity of both brain AT1R and MR are necessary for hypertension to be induced by either systemic ANG II or Aldo. The pressor effects produced by systemic ANG II or Aldo involve increased central ROS and sympathetic outflow. blood pressure; reactive oxygen species; sympathetic nervous system IT IS WELL ESTABLISHED that the renin-angiotensin-aldosterone (Aldo) system (RAAS) is a major regulator of sodium and potassium balance, blood volume, and blood pressure (BP) (38). Angiotensin II (ANG II) has been considered to be the principal effector of the RAAS. The major cardiovascular actions of ANG II are mediated via the angiotensin type 1 receptor (AT 1 R), and AT 1 R blockers have been shown to have therapeutic benefits in the treatment of hypertension and heart failure (6, 55). In recent years, Aldo has also become recognized as an important component and mediator of the effects of the RAAS, and this steroid plays an important role in the pathophysiology of cardiovascular disease. The additional benefit of the use of mineralocorticoid receptor (MR) antagonists in conjunction with ANG II therapies highlights the clinical relevance of an ANG II/Aldo-interdependent humoral network (47). Therefore, a better understanding of the variety and sites of such interactions will lead to insights providing improved treatment of patients.
IT IS WELL ESTABLISHED that the renin-angiotensin-aldosterone (Aldo) system (RAAS) is a major regulator of sodium and potassium balance, blood volume, and blood pressure (BP) (38) . Angiotensin II (ANG II) has been considered to be the principal effector of the RAAS. The major cardiovascular actions of ANG II are mediated via the angiotensin type 1 receptor (AT 1 R), and AT 1 R blockers have been shown to have therapeutic benefits in the treatment of hypertension and heart failure (6, 55) . In recent years, Aldo has also become recognized as an important component and mediator of the effects of the RAAS, and this steroid plays an important role in the pathophysiology of cardiovascular disease. The additional benefit of the use of mineralocorticoid receptor (MR) antagonists in conjunction with ANG II therapies highlights the clinical relevance of an ANG II/Aldo-interdependent humoral network (47) . Therefore, a better understanding of the variety and sites of such interactions will lead to insights providing improved treatment of patients.
Besides the well-known effect of ANG II in stimulating Aldo production from the adrenal cortex, a reciprocal interaction has been reported between hormones in extra-adrenal tissues (46, 52, 61) . Aldo increases ANG II binding, upregulates the expression of AT 1 R and angiotensin-converting enzyme (ACE), and potentiates ANG II-stimulated intracellular signaling and proliferation in peripheral cardiovascular tissues (7, 15-17, 34, 35, 46, 53, 57) . In cultured rat neonatal cardiomyocytes, an ANG II receptor antagonist has been shown to inhibit Aldo-induced IL-18 expression (7). Moreover, Lemarié et al. (30) demonstrated that vascular smooth muscle cell (VSMC) activation of signaling pathways such as ERK1/2, JNK, and NF-B in response to Aldo requires a functional AT 1a R. These results suggest that Aldo induces vascular damage, endothelial dysfunction, and myocardial fibrosis, which depends in part on activation of an ANG II/AT 1 R-mediated pathway. Conversely, ANG II directly stimulates nuclear localization of MR, and MR antagonism inhibits ANG II-mediated, MR-dependent gene expression in human coronary artery smooth muscle cells. ANG II-mediated MR activation is also inhibited by an AT 1 R antagonist, demonstrating a link between AT 1 R activation and MR transcriptional activation (24) . Accordingly, a study by Min et al. (35) demonstrated that Aldo and ANG II can synergistically promote rat VSMC mitogenesis via the interaction of the AT 1 R with MR. Taken together, these studies from peripheral cardiovascular tissues strongly suggest that ANG II and Aldo may modulate signaling pathways and cardiovascular function either synergistically or via a cross-talk of their receptors or their respective messenger systems. Recently, it has been shown that Aldo significantly increased the number and expression of AT 1 Rs and ACEs in the brain (63, 64) . Mineralocorticoid pretreatment can enhance ANG IIinduced neuronal excitation in the preoptic/medial septum region (36) . However, there have been few studies investigating the central interactions between ANG II and Aldo.
Numerous in vitro and in vivo studies have demonstrated a direct role of Aldo in the development of cardiovascular disease via oxidative stress (11, 36, 43, 48) . Long-term admin-istration of an NADPH oxidase inhibitor, apocynin, in the drinking water to deoxycorticosterone acetate (DOCA)-salt rats significantly decreased systolic BP and superoxide production in aortic rings compared with that of rats treated with DOCA-salt alone (1) . In cultured rat aortic endothelial cells, Aldo induced a time-and dose-dependent increase in superoxide generation, activated NADPH oxidase, and Rac1 (small GTP-binding protein). An MR antagonist, apocynin, or adenoviral gene transfer of dominant-negative Rac1 abolished Aldoinduced superoxide generation (23) . DOCA and Aldo have also been shown to increase mRNA levels of NADPH oxidase components (1, 17) . These findings indicate that mineralocorticoid excess increases superoxide production through an activated NADPH oxidase pathway, thereby contributing to vascular injury and hypertension. The present experiments extended these studies to determine whether similar functional pathways occur in the central nervous system (CNS) and if they are responsible for elevated BP during mineralocorticoid excess.
Recently, adenoviral-mediated delivery of small interfering RNA (siRNA) to selectively silence AT 1a R or MR has been demonstrated to be a powerful tool to investigate their role in cardiovascular pathophysiology (31, 54, 58) . For example, Sun et al. (54) reported that siRNA inhibition of MRs prevents the development of cold-induced hypertension. Selective knockdown of AT 1a R by siRNA inhibited ANG II endocytosis and Na ϩ /H ϩ exchanger isoform 3 (NHE-3) expression in immortalized rabbit proximal tubule cells (22) . In the present studies, to confirm the effects we observed with pharmacological antagonists, we used intracerebroventricular (icv) injections of AT 1a R-siRNA and MR-siRNA to induce stable and localized knockdown of AT 1a R and MR, respectively, and then examined the effects of silencing these central receptors on Aldoinduced hypertension.
Taken together, the present studies tested the hypotheses that ANG II and Aldo interact centrally in Aldo-and ANG IIinduced hypertension and that the hypertensive effects of ANG II and Aldo involve increased central reactive oxygen species (ROS) and sympathetic outflow.
METHODS

Animals
Sprague-Dawley rats (115 males, 10 -12 wk old) were used and obtained from Harlan Sprague Dawley (Indianapolis, IN). They were housed in temperature-and light-controlled animal quarters and were provided with rat chow (7013 NIH-31 modified rat diet, 0.25% NaCl) ad libitum. In Aldo-induced hypertension studies, the rats were divided into the following groups: 1) central vehicle infusion (n ϭ 8), 2) central infusion of MR antagonist RU28318 (n ϭ 6), 3) central infusion of MR antagonist spironolactone (n ϭ 6), 4) central AT 1R antagonist irbesartan infusion (n ϭ 6), 5) central ROS scavenger tempol (n ϭ 6), 6) central NADPH oxidase inhibitor apocynin infusion (n ϭ 6), 7) icv scrambled (SCM)-siRNA injection (n ϭ 7), 8) icv MR-siRNA injection (n ϭ 6), and 9) icv AT 1aR-siRNA injection (n ϭ 7). To induce hypertension with Aldo, the rats were infused subcutaneously with Aldo combined with 1% NaCl as the sole drinking fluid. One-percent NaCl intakes were measured daily. Control experiments were also conducted by giving animals 1% NaCl to drink or central RU28318, spironolactone, irbesartan, tempol, apocynin, SCM-siRNA, MR-siRNA, or AT 1aR-siRNA (n ϭ 4 -6/group) without subcutaneous Aldo infusions. In ANG II-induced hypertension studies, rats were divided into 2 groups: 1) central vehicle infusion (n ϭ 6) and 2) central infusion of MR antagonist RU28318 (n ϭ 6). The rats were infused with systemic ANG II during these central treatments.
All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the University of Iowa Animal Care and Use Committee.
Surgical Procedures
Telemetry probe implantation. Implantable rat BP transmitters (TA11PA-C40; Data Sciences International, St. Paul, MN) were used to directly measure arterial blood pressure in individual animals. The rats were anesthetized with a ketamine-xylazine mixture (100 and 10 mg/kg). The femoral artery of the rat was accessed with a ventral incision. The right femoral artery was isolated, and the catheter of a telemetry probe was inserted into the vessel. Through the same ventral incision a pocket along the right flank was formed. The body of the transmitter was slipped into the pocket and secured with tissue adhesive, and the ventral incision was then closed with suture.
Chronic icv cannula and osmotic pump implantation. After baseline BP and heart rate (HR) recordings were obtained, rats were again anesthetized with a ketamine-xylazine mixture. An icv cannula with an osmotic pump (model 2004, 28 days; Alzet, Cupertino, CA) was implanted into the right lateral ventricle (the coordinates were 0.9 mm caudal, 1.5 mm lateral to bregma, and 4.5 mm below the skull surface) for chronic infusions of spironolactone (250 ng/h; Sigma, St. Louis, MO), RU28318 (1.1 g/h; Tocris Bioscience, Ellisville, MO), irbesartan (125 g/day; Sigma), tempol (200 nm·kg Ϫ1 ·min Ϫ1 ; Sigma), and apocynin (4 g·kg Ϫ1 ·min Ϫ1 , Sigma). In separate groups of rats, adeno-associated virus (AAV)-SCM-siRNA, AAV-MR-siRNA, or AAV-AT1aR-siRNA (2 l of 1.3 ϫ 10 12 genomic particles/ml; GeneDetect, Bradenton, FL) were injected into the lateral ventricle. At the same time, osmotic pumps (model 2004; Alzet) containing Aldo (1.8 g·kg Ϫ1 ·h Ϫ1 , Sigma) were implanted subcutaneously in the back, and tap water was changed to 1% NaCl. In separate groups of rats receiving central infusions of vehicle or RU28318 (1.1 g/h), ANG II (100 ng·kg Ϫ1 ·min Ϫ1 ; Sigma) was infused systemically by osmotic pumps. The dosages of all drugs used above were chosen on the basis of published in vivo studies (12, 14, 18, 26, 28, 33, 56) . At the end of each experiment, animals were euthanized and perfused transcardially with saline followed by fixative. The locations of the lateral ventricle cannula implantations were verified histologically.
Western blotting analysis. The protein sample was mixed with an equal volume of SDS-PAGE buffer and loaded on the 10% SDS-PAGE gel for electrophoresis and then transferred to a PVDF membrane (Immun-Blot; Bio-Rad Laboratories). The membrane was probed with rabbit polyclonal antibody for anti-MR (1:500, SC-11412; Santa Cruz Biotechnology, Santa Cruz, CA), anti-AT1R (1: 500, SC-1173; Santa Cruz Biotechnology), or anti-␤-actin (1:2,500, no. 4967; Cell Signaling Technology). This was followed by horseradish peroxidase-labeled anti-rabbit secondary antibody (Santa Cruz Biotechnology) and then treatment with enhanced chemiluminescence reagent (Supersignal Substrate Western Blotting; Pierce Chemical). Band intensities were quantified with NIH Image J software and normalized to ␤-actin.
Fluorescent immunohistochemistry. Immunohistochemical (IHC) studies were performed to confirm MR or AT1R knockdown in the paraventricular nucleus (PVN). Brain sections were incubated with a rabbit polyclonal anti-AT1R antibody (1:500; Santa Cruz Biotechnology) or a mouse monoclonal anti-MR antibody (generated in the laboratory of C. E. Gomez-Sanchez) in 5% donkey normal serum with 0.2% Triton X-100 for 72 h at 4°C. After being washed thoroughly with PBS, sections were incubated with Rhodamine Red-X-conjugated AffiniPure donkey anti-rabbit or anti-mouse IgG (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA) in PBS for 24 h at 4°C. Fluorescence was then identified using confocal microscopy.
Experimental Protocol
Measurement of BP and HR. All rats were allowed 7 days to recover from transmitter implantation surgery before any measurements were made. Thereafter, BP and HR were telemetrically recorded and stored with the Dataquest ART data acquisition system (Data Sciences International).
In the control experiments, we tested whether 1% NaCl alone or central blockade of AT1R, MR, or ROS production had effects on basal mean arterial pressure (MAP) and HR. Animals were given 1% NaCl to drink or central spironolactone, RU28318, irbesartan, tempol, apocynin, AAV-SCM-siRNA, MR-siRNA, or AT1aR-siRNA for 21 or 28 days without Aldo treatments.
In Aldo-induced hypertension studies, we tested the BP and HR responses to central blockade of AT1R, MR, or ROS production during Aldo infusion. Intracerebroventricular cannulas with osmotic pumps were implanted into the right lateral ventricle for chronic infusions of vehicle, spironolactone, RU28318, irbesartan, tempol, or apocynin for 28 days. At the same time, rats were infused subcutaneously with Aldo combined with 1% NaCl as the sole drinking fluid. To confirm the effects of the pharmacological antagonists, 2 l of AAV-SCM-siRNA, AAV-MR-siRNA, or AAV-AT1aR-siRNA was injected into the lateral ventricle, whereas Aldo was infused for 21 days subcutaneously, and 1% NaCl replaced water as the drinking fluid.
In ANG II-induced hypertension studies, we tested the effects of central blockade of MR on ANG II-induced hypertension. Intracerebroventicular cannulas with osmotic pumps were implanted into the right lateral ventricle for chronic infusions of vehicle or RU28318 for 22 days. On day 7, osmotic pumps filled with ANG II were implanted subcutaneously.
Evaluation of BP responses to autonomic blockade. BP was also measured in the presence of the ganglionic blocker hexamethonium (30 mg/kg ip). Ganglionic blockade was repeated two times in each animal, during baseline and after 28 days of Aldo infusion. On the day of ganglionic blockade experiments, BP was recorded for 20 min before and after hexamethonium injection. After hexamethonium injection, the largest decrease in BP occurred within 5 min. This nadir was recorded as the maximum fall in BP.
MR or AT1R protein expression measurements. Following 21 days of icv injection of AAV-SCM-siRNA, AAV-MR-siRNA, or AAV-AT 1aR-siRNA, rats were deeply anesthetized with isoflurane. The brains were removed and stored at Ϫ80°C until assay. Brains were cut into consecutive 100-m sections in a cryostat at Ϫ20°C, and micropunches were made to collect the PVN. Total cellular protein was isolated from tissue punches of the PVN and analyzed for protein expression of MR or AT 1R by Western blotting.
Data Analysis
MAP and HR were collected for 5 baseline days and then for 28 consecutive days during spironolactone, RU28318, irbesartan, tempol, apocynin, MR-siRNA, AT1aR-siRNA, and Aldo or ANG II pump implantation. MAP and HR are presented as mean daily values averaged from daytime and nighttime measurements. Difference scores for MAP and for HR were calculated for each animal based on the mean of the 5-day baseline values subtracted from the mean of the final 7 days of treatment. One-way ANOVAs for the experimental groups were then conducted on the means of calculated difference scores. After a significant ANOVA was established, follow-up t-tests were conducted to test for differences between pairs of mean change scores. To test differences in the mean of 5 days baseline vs. the mean of the final 7 days of treatment, t-tests were performed.
For analysis of 1% NaCl intakes, mean intakes for each experimental group were averaged from daily measurements during 21 or 28 days of treatment. A one-way ANOVA was conducted on these mean values.
Student t-tests were conducted to test for differences in MR or AT 1R protein expression in MR-siRNA-or AT1aR-siRNA-treated animals vs. SCM-siRNA-treated animals.
All data are expressed as means Ϯ SE. Statistical significance was set at P Ͻ 0.05.
RESULTS
Effects of Central Blockade of MR or AT 1 R on Aldo/NaCl-Induced Hypertension
Baseline MAP was unaltered (P Ͼ 0.05) when 1% NaCl was given alone (⌬3.1 Ϯ 2.5 mmHg; n ϭ 5) and after central infusion of spironolactone (⌬1.7 Ϯ 3.8 mmHg; n ϭ 4), RU28318 (⌬3.5 Ϯ 2.6 mmHg; n ϭ 4), or irbesartan (⌬2.5 Ϯ 2.9 mmHg; n ϭ 4) when the control (vehicle) for Aldo was given for 28 days. Central infusion of either spironolactone or RU28318 (Fig. 1A) for 28 days significantly attenuated the Daily mean arterial pressures (MAP; A) and heart rates (HR; B) before and during systemic infusion of Aldo and 1% NaCl access in icv vehicle-, spironolactone-, RU28318-, or irbesartan-treated rats. C: daily 1% NaCl intake during Aldo infusions in male rats treated with central AT1R or MR antagonist. C1, C3, and C5 denote control days, followed by 28 days of systemic Aldo infusion. *P Ͻ 0.05 compared with baseline MAP and HR or 1% NaCl intake without treatment; #P Ͻ 0.05 compared with antagonist-treated rats. increase in MAP induced by Aldo/NaCl (⌬7.4 Ϯ 1.5 and ⌬7.6 Ϯ 2.1, respectively; n ϭ 6, P Ͻ 0.05) compared with that seen in rats with central vehicle plus systemic Aldo (⌬26.9 Ϯ 1.5 mmHg; n ϭ 8). Likewise, icv infusion of irbesartan (Fig. 1A ) also inhibited the increase in MAP induced by Aldo/NaCl (⌬7.5 Ϯ 2.0 mmHg; n ϭ 6, P Ͻ 0.05). Systemic Aldo infusion produced significant, comparable decreases in HR in all groups (central vehicle Ϫ42.4 Ϯ 6.6, central irbesartan Ϫ37.3 Ϯ 3.5, central RU28318 Ϫ38.2 Ϯ 2.7, central spironolactone Ϫ39.1 Ϯ 9.0 beats/min; Fig. 1B) .
Average daily 1% NaCl intake was 34.8 Ϯ 6.8 ml when the control (vehicle) for Aldo treatment was given for 28 days (Fig. 1C) . Systemic infusion of Aldo significantly increased 1% NaCl intake in rats with central vehicle treatment (71.5 Ϯ 6.0 ml/day, P Ͻ 0.05; Fig. 1C ). Central infusions of AT 1 R or MR antagonists significantly attenuated the increases in 1% NaCl intake induced by systemic Aldo (RU28318 44.2 Ϯ 3.9, spironolactone 55.2 Ϯ 2.9, and irbesartan 55.1 Ϯ 6.9 ml/day, P Ͻ 0.05; Fig. 1C ).
Effects of icv Injection of AAV-AT 1a R-siRNA or AAV-MR-siRNA on Aldo-Induced Hypertension
With subcutaneous infusions of vehicle rather than Aldo for 21 days, there were no changes (P Ͼ 0.05) in MAP or HR after icv injection of SCM-siRNA (⌬2.5 Ϯ 3.1 mmHg, ⌬3.9 Ϯ 8.4 beats/min; n ϭ 6), AT 1a R-siRNA (⌬ 1.5 Ϯ 2.4 mmHg, ⌬2.4 Ϯ 7.5 beats/min; n ϭ 6), or MR-siRNA (⌬ 1.1 Ϯ 2.8 mmHg, ⌬4.4 Ϯ 8.6 beats/min; n ϭ 6). Twenty-one days of Aldo infusion resulted in a 17.3 Ϯ 2.1-mmHg (n ϭ 7, P Ͻ0.05) increase in MAP in rats treated with central AAV-SCMsiRNA. Intracerebroventricular injections of AAV-MRsiRNA or of AAV-AT 1a R-siRNA both significantly attenuated ( Fig. 2A ) the increase in MAP induced by Aldo/NaCl (MR-siRNA ⌬4.1 Ϯ 1.7, n ϭ 6; AT 1a R-siRNA ⌬8.3 Ϯ 0.8, n ϭ 7, P Ͻ0.05).
The chronic Aldo infusion produced a significant decrease in HR in all groups (P Ͻ 0.05; Fig. 2B ). The fall in HR during Aldo/NaCl treatment was similar in all groups (SCM-siRNA Ϫ42.2 Ϯ 6.2, AT 1a R-siRNA Ϫ46.4 Ϯ 5.2, MR-siRNA Ϫ45.7 Ϯ 4.8 beats/min, P Ͼ 0.05).
Systemic infusion of Aldo significantly increased 1% NaCl intake in rats with icv injection of SCM-siRNA (61.8 Ϯ 4.7 ml/day, P Ͻ 0.05; Fig. 2C ). Intracerebroventricular injection of either MR-siRNA or AT 1a R-siRNA significantly reduced Aldo-induced increases in 1% NaCl intake (37.9 Ϯ 3.9 and 43.5 Ϯ 4.3 ml/day, respectively, P Ͻ 0.05; Fig. 2C ).
AAV Delivery of siRNA Effectively Silences AT 1a R
The effect of viral delivery of siRNA to knockdown AT 1a R was verified by IHC and Western blot analyses. AAV-siRNA constructs contained a green fluorescent protein (GFP) construct that served as a marker indicating the site of delivery and cells affected. Three weeks after icv injections of AAV-AT 1a R-siRNA, highly robust GFP expression presented throughout the forebrain, including the PVN (Fig. 3A) , the subfornical organ (data not shown), and the organum vasculosum of the lamina terminalis (data not shown). Immunohistochemistry showed the colocalization of AT 1 R and the marker of siRNA GFP and a remarkable reduction in the expression of AT 1 R in the PVN (Fig. 3A) . To confirm effective silencing of AT 1 R in the PVN with these viral constructs, we performed a Western blot analysis on the micropunches taken from the PVN. As shown in Fig. 3 , B and C, AT 1 R protein level was significantly diminished in rats treated with AAV-AT 1a RsiRNA by ϳ65% when compared with rats with AAV-SCMsiRNA. Figure 4 presents a set of representative IMC and Western blots showing GFP, MR protein expression, and ␤-actin in the PVN 3 wk after icv injection of siRNA. IMC analysis of the PVN showed that AAV-MR-siRNA knocked down MR in this structure (Fig. 4A) . The Western blot analysis indicated that MR protein was decreased by ϳ50% (Fig. 4, B and C) . Fig. 2 . The effect of icv injection of adeno-associated virus (AAV)-scrambled (SCM)-siRNA, AAV-AT1aR-siRNA, or AAV-MR-siRNA on Aldo/NaCl-induced hypertension in male rats. Daily MAP (A) and HR (B) before and during systemic infusion of Aldo in icv SCM-siRNA-, AT1aR-siRNA-, or MRsiRNA-injected male rats. C: daily 1% NaCl intake during Aldo infusions in male rats treated with siRNA for AT1aR or MR. Control days followed by 21 days of systemic Aldo infusion. *P Ͻ0.05 compared with baseline MAP and HR or 1% NaCl intake without treatment; #P Ͻ 0.05 compared with rats given central AT1aR-siRNA or MR-siRNA.
AAV Delivery of siRNA Effectively Silences MR
Effects of Central ROS Blockade on Aldo/NaCl-Induced Hypertension
Intracerebroventricular infusion of apocynin alone or tempol alone for 28 days did not affect baseline MAP (⌬2.4 Ϯ 1.4 mmHg, n ϭ 5, and ⌬1.1 Ϯ 3.4 mmHg, n ϭ 5, respectively) and HR (⌬4.2 Ϯ 9.1 and ⌬5.4 Ϯ 6.3 beats/min, respectively). Twenty-eight days of Aldo infusion resulted in a 29.1 Ϯ 2.3-mmHg (n ϭ 8, P Ͻ0.05) increase in MAP in rats treated with central vehicle. Central infusion of either apocynin or tempol (Fig. 5A ) attenuated the Aldo/NaCl-induced increase in MAP (n ϭ 6, P Ͻ0.05). As shown in Fig. 5B , Aldo infusion produced a significant decrease in HR in all groups (P Ͻ0.05). However, compared with the effects of apocynin, tempol induced a greater decrease in MAP (⌬6.8 Ϯ 1.5 vs. ⌬14.4 Ϯ 1.9 mmHg, P Ͻ 0.05) and a smaller decrease in HR (Ϫ35.6 Ϯ 4.0 vs. Ϫ47.0 Ϯ 5.9 beats/min, P Ͻ 0.05).
Systemic infusion of Aldo significantly increased 1% NaCl intake in rats with central vehicle treatment (71.5 Ϯ 6.0 ml/day, P Ͻ 0.05; Fig. 5C ). Central infusion of the ROS scavenger or NADPH oxidase inhibitor had no effect on Aldo-induced 1% NaCl intake (tempol 59.8 Ϯ 4.5, apocynin 73.5 Ϯ 1.2 ml/day, P Ͼ 0.05; Fig. 5C ).
Effects of Central Infusion of RU28318 on ANG II-Induced Hypertension
Baseline MAP in rats was unaltered during central infusion of RU28318 (Fig. 6A) . Central RU28318 (n ϭ 6; Fig. 6A ) significantly inhibited the increase in MAP induced by ANG II (⌬9.8 Ϯ 4.9 mmHg, P Ͻ 0.05) compared with that seen in rats with central vehicle plus systemic ANG II (⌬28.0 Ϯ 5.3 mmHg, n ϭ 6). ANG II infusion did not significantly change HR in any group (Fig. 6B) . Figure 7 shows the decreases in BP with acute ganglionic blockade in all groups. The average reduction in the BP response to hexamethonium injection before central treatment and systemic infusion of Aldo or ANG II was Ϫ26.1 Ϯ 2.3 mmHg, and there was no difference between groups (Fig. 7) . In Aldo-induced hypertension, following 28 days of Aldo infusion, acute hexamethonium injection resulted in a greater reduction in BP in rats with central vehicle (Ϫ42.3 Ϯ 2.8 mmHg, P Ͻ 0.05; Fig. 7, A and B) compared with central irbesartan-(Ϫ30.6 Ϯ 1.6; Fig. 7A ), RU28318-(Ϫ27.8 Ϯ 3.8 mmHg; Fig. 7A ), spironolactone-(Ϫ28.1 Ϯ 2.9 mmHg; Fig.  7A ), apocynin-(Ϫ26.2 Ϯ 1.1 mmHg; Fig. 7B ), or tempoltreated (Ϫ28.2 Ϯ 1.7 mmHg; Fig. 7B ) rats. In ANG II-induced hypertension, the BP reduction was greater in response to hexamethonium injection in central vehicle-treated rats (Ϫ50.2 Ϯ 3.0 mmHg; Fig. 7C ) than that seen in central RU28318-treated rats (Ϫ33.4 Ϯ 3.4 mmHg, P Ͻ 0.05) after 14 days of ANG II infusion.
Effects of Autonomic Blockade on BP
DISCUSSION
The main findings of these studies are that 1) central blockade of either MRs or the generation of ROS significantly inhibits Aldo/NaCl-induced hypertension, 2) central antagonism of AT 1 R attenuates Aldo/NaCl-induced hypertension and central antagonism of MR attenuates ANG II-induced hypertension, 3) central knockdown of either AT 1a R or MR by AAV-siRNA also attenuates Aldo/NaCl-induced hypertension, and 4) the attenuated BP effect on Aldo/NaCl-or ANG II-induced hypertension in rats produced by central blockade of AT 1 R, MR, or ROS production is associated with decreased sympathetic outflow. Taken together, these results suggest that ANG II and Aldo interact in the brain in a mutually cooperative manner such that disruption of the functional integrity of either AT 1 R or MR will block the development of hypertension produced by either systemic treatment with ANG II or Aldo. Furthermore, the pressor effects of ANG II and Aldo involve increased central ROS and sympathetic outflow.
Besides the systemic or circulating RAAS, many tissues, including the vasculature, heart, and brain, have the potential for local ANG II or Aldo production through the tissue-specific local RAAS (19, 22) . Recently, many interactions between ANG II and Aldo in the cardiovascular system have been highlighted. Aldo increased ANG II binding (16, 57) , upregulated the expression of AT 1 R and ACE in rat endothelial cells (53) , neonatal rat cardiomyocytes (15) , and aortic tissues (17) , and potentiated ANG II-stimulated intracellular signaling and proliferation in rat VSMCs (7, 34, 35) . Studies from Yu et al. (63) and Zhang et al. (64) have demonstrated that icv infusion of Aldo increases expression of AT 1 R and ACE mRNA in hypothalamic tissue. Similarly, Aldo was elevated in heart failure in the brain in proportion to the increase in the circulation. This increase resulted in MR-mediated stimulation of hypothalamic ACE and AT 1 R mRNA and protein. Moreover, release of angiotensin peptides in the hypothalamus was greater in DOCA-salt-treated rats than in control rats (27) . These results suggest that Aldo actions in the brain may influence local production of ANG II and switch the actions of ANG II toward the progression of cardiovascular disorders.
DOCA/Aldo-salt hypertension is associated with markedly depressed plasma renin activity and reduced circulating ANG II (2) . One study has shown that treatment of DOCA-salt rats with the ANG II receptor inhibitor losartan in the drinking water did not correct hypertension or endothelium-dependent vessel relaxation (49) . This observation would argue against the importance of a role for local RAAS in the systemic vasculature in this form of experimental hypertension. However, another recent study demonstrated that increased systolic BP and vascular inflammatory changes were attenuated by peripheral treatment with either an MR antagonist or an AT 1 R antagonist. This might suggest that both the ANG II-dependent pathway resulting from vascular ACE upregulation and the ANG II-independent pathway are involved in the mechanisms underlying the development of hypertension, vascular inflammation, and oxidative stress induced by Aldo (17) . It has been shown that activation of central AT 1 R and MR is essential for the pressor effects caused by systemic ANG II and Aldo excess, respectively (13) . In the present study, we found that systemic Aldo-induced increases in BP were attenuated not only by central MR antagonists but also by a central AT 1 R antagonist. The fact that a central AT 1 R antagonist exerts an antihypertensive effect indicates that enhanced CNS reninangiotensin activity is involved in the maintenance of hypertension in Aldo/NaCl hypertensive rats. This result is consistent with recent studies showing that VSMC activation of signaling pathways in response to Aldo requires functional AT 1 R (30) and that blockade of angiotensin formation or AT 1 R in the hypothalamus lowers BP in DOCA-salt hypertensive rats (20, 27) .
It has become evident that ANG II stimulates both systemic and local Aldo production. Aldo may influence the signaling of trafficking of the AT 1 R (29), and some of the cellular effects of 5 . The effect of chronic icv infusions of an NADPH oxidase or reactive oxygen species (ROS) scavenger on Aldo/NaCl-induced hypertension in male rats. Daily MAP (A) and HR (B) before and during systemic infusions of Aldo and access to 1% NaCl in icv vehicle-, apocynin-, or tempol-treated rats. C: daily 1% NaCl intake during Aldo infusions in male rats treated with central NADPH oxidase inhibitor or ROS scavenger. Control days followed by 28 days of central apocynin or tempol and systemic Aldo infusion. *P Ͻ 0.05 compared with baseline MAP and HR or 1% NaCl intake without treatment; #P Ͻ 0.05 compared with rats given tempol; §P Ͻ 0.05 compared with rats given apocynin or tempol.
ANG II occur through Aldo-dependent pathways (41, 59) . For example, it has been shown that the ANG II-induced biventricular damage is mediated by a mechanism partially dependent on caveolin-1 and signaling via MR/Aldo (41). Aldo blockade restored or prevented vascular and cardiac inflammation and remodeling caused by the long-term renin-angiotensin enhancement or ANG II infusion (44, 46, 59) and by ANG II-mediated oxidative stress (9, 59 ). Jaffe and Mendelsohn (24) have reported that ANG II directly activates the MR independent of Aldo production by VSMC, which provides further support for the evolving role of MR as a signal effector for ANG II. However, the available evidence as to whether MR action is sustained with chronic ANG II infusion, and whether this plays a role in mediating ANG II hypertension, is not completely consistent. In transgenic mice overproducing ANG II, the beneficial effects of peripheral Aldo blockade by spironolactone on cardiac and vascular remodeling were independent of BP (46, 50) . In mice, the BP increase produced by systemic infusion of ANG II was not significantly different from animals treated with systemic spironolactone; however, there was a tendency for lower BP during the 1st week of treatment (52) . In transgenic rats overexpressing human renin and angiotensinogen genes, oral administration of FAD286, an Aldo synthase inhibitor, ameliorated ANG II-induced organ damage and hypertension (8) . Recently, a study from Huang et al. (18) showed that central infusion of FAD286 or MR antagonists (spironolactone and eplerenone) attenuated systemic ANG II-induced hypertension. These discrepancies may be attributed to differences in species, BP measurement (tail cuff vs. telemetry), or the method of antagonist administration (peripheral vs. central). In the present study, another selective MR antagonist, RU28318, was used to attenuate ANG IIinduced hypertension. This observation supports the conclusion that a central MR-dependent mechanism promotes ANG II-induced cardiovascular disease.
A key feature of the present study involved the use of AAV delivery of siRNA for selective silencing of brain AT 1a R or MR. Although this approach has only recently been developed, it has already proven to be a powerful strategy for unraveling molecular mechanisms in the CNS (4, 39) . Several reports have shown that AT 1a R and AT 1b R subtypes each exhibit unique regulatory functions (3, 21, 32) . AT 1a R and AT 1b R share 95% homology in mRNA and amino acid sequences and have similar ANG II binding characteristics (5) . It is difficult to differentiate between the subtypes because there are no specific agonists or antagonists for AT 1a R or AT 1b R. In addition, recent studies have questioned the specificity of currently available pharmacological antagonists of MR (51) . Therefore, we and others have used AAV delivery of siRNA to selectively silence AT 1a R or MR in the CNS. In agreement with previous studies (4), icv injections of siRNA induced significant but incomplete silencing of MR or AT 1a R within brain tissue by 50 to 65%. Nevertheless, these central receptor knockdowns resulted in significantly attenuating Aldo-induced hypertension, which confirms results produced by pharmacological antagonists on Aldo-induced increases in BP. In future studies, this powerful tool can be used to chronically knock down AT 1a R or MR in specific nuclei such as the PVN or the subfornical organ to determine which brain areas are responsible for the interaction between ANG II and Aldo.
We and others have reported previously that central scavenging of ROS by tempol or central blockade of NADPH oxidase attenuated the ANG II-induced increase in BP (39, 62) and that this attenuated effect of ANG II on the BP response involves a decrease in sympathetic outflow (62) . Aldo has also recently been shown to increase superoxide production via MR-and AT 1 R-mediated activation of NADPH oxidase and induce cardiovascular injury (1, 17, 23, 49, 64) . This is further supported by a recent study showing that Aldo-induced oxidative stress was blocked not only by a MR antagonist but also by an antioxidant and an AT 1 R antagonist (17) . Furthermore, increasing the central level of Aldo by direct icv infusion or by heart failure resulted in enhanced NADPH oxidase activity and ROS production in the PVN through activation of brain reninangiotensin activity, thereby leading to increased neuronal activity and sympathetic drive (63, 64) . In agreement with these previous results, the present study demonstrated that central infusion of tempol or apocynin significantly inhibits Aldo/NaCl-induced hypertension and that the reduction of BP in response to ganglionic blockade was less in rats with central blockade of AT 1 R, MR, or ROS production compared with that in rats with central vehicle during systemic Aldo or ANG II infusion. These observations in combination with the previ- ously described results suggest that enhanced oxidative stress resulting from increased ROS production by NADPH oxidase is a common pathway mediating the actions of both ANG II and Aldo. The consequence of this increase in ROS is a central activation of sympathetic drive to the vasculature, heart, and kidney, which at least partially contributes to the development of ANG II-and Aldo-induced hypertension.
Aldo and ANG II are implicated in the genesis of salt appetite (10) . Central blockade of either MR or AT 1 R or formation of endogenous ANG II reduced salt appetite caused by sodium depletion (45, 60) . However, central blockade of formation of ANG II failed to reduce salt appetite evoked by pharmacological doses of DOCA (10) . Similarly, icv administration of a MR antagonist markedly attenuated hypertension in the DOCA/NaCl model but had no effect on saline intake (25) . In contrast to these results, we found that central blockade of MR or AT 1 R either by a pharmacological antagonist or by use of an AAV-siRNA decreased both the increases in BP and 1% NaCl intake produced by the systemic Aldo infusion. An explanation for these functional disassociations is not readily apparent. One CNS-mediated mechanism to facilitate the development of DOCA/NaCl or Aldo/NaCl hypertension would be by enhancing the intake of saline. Early studies showed that the destruction of central catecholaminergic neurons prevented the DOCA/saline-induced hypertension and inhibited saline intake, but the failure of the BP to rise was not secondary to a reduction in saline intake, since intact rats subjected to restricted saline intake to match that of experimental animals still became hypertensive (42) . Peysner et al. (40) demonstrated that icv Aldo produced sustained dose-responsive increases in BP, which appear to be independent of alterations in sodium ingestion. As suggested by Osborn et al. (37) , such results indicate that the pathways mediating the BP responses to Aldo/NaCl treatment may be separate from those controlling thirst and salt appetite. Therefore, the lower saline intake induced by central blockade of MR or AT 1 R in the present study in all likelihood cannot account entirely for the reduction in BP, because we also found that central blockade of ROS production induced by systemic Aldo infusion changed the BP responses to Aldo without attenuating saline intake.
In summary, the present results indicate that brain AT 1 Rs are involved in mediating the hypertensive response produced by systemic Aldo administration and that brain MRs are implicated in the expression of high BP induced by systemic ANG II. Activation of central RAAS may exert enhanced cardiovascular damage and elevated BP through a synergistic and cooperative interaction of Aldo and ANG II.
